Abstract
Introduction
Colorectal cancer (CRC) accounts for 11.5% of cancer-related deaths worldwide [1] . CRC progression is characterized by increased growth of the primary carcinoma as well as lymphatic and haematogenic spread. For 80% of patients with recurrent disease, the liver is the predominant site of metastatic spread along the mesenteric circulation [2] . The reported 5 year survival rate ranges from 25% to 44% after resection of colorectal liver metastases [3] . As shown by Fearon and Vogelstein [4] , the loss of certain tumour suppressor genes and activation of oncogenes is correlated with progression of CRC. However, this model is an incomplete portrait of the genetic and epigenetic changes that are instrumental in cancer progression. The role of genes contributing to metastasis in the liver, skeleton, lungs and brain has only recently been investigated [5] . Within the multitude of factors that contribute to metastasis, such as growth factors and matrix metalloproteinases [6] [7] [8] , proteins involved in cell-cell contact have emerged as loss of cell polarity and increased cell permeability are hallmarks of cancerous tissues [9] . In line with this, an increase in tight junction (TJ) permeability in CRC constitutes a decisive event in the progression of this cancer [9] .
In multicellular organisms, TJs constitute one type of cell-cell adhesion found in endothelial and epithelial cellular sheets. TJs have many pivotal roles; they form a fence between the apical and basolateral plasma membrane domains [10, 11] , act as a diffusion barrier for solutes through the intercellular space [11] [12] [13] [14] [15] and draft several signalling and cytoskeletal molecules at their cytoplasmic surface [10, 16] . Claudins (CLDNs) form the structural backbone of TJs, and comprise at least 24 members of integral transmembrane proteins [17] ranging in size between 20 and 27 kD [10] . Recently, the altered expression of various claudins has been implicated in the progression of several human cancers [18] [19] [20] [21] [22] [23] [24] [25] [26] . In contrast to the general notion that claudin expression would decrease in tumorigenesis as TJs are lost during cellular transformation, the claudin status seems to change in a tissue-specific manner. For example, overexpression of CLDN2 has been correlated to CRC [27] , whereas decreased CLDN7 expression has been reported in head and neck cancer [28] , invasive ductal breast carcinoma [29] and metastatic breast cancer [30] . In addition, CLDN3 and CLDN4 have been found repeatedly elevated in a variety of cancers including pancreatic ductal adenocarcinoma [31] , ovarian, uterine, prostate and breast cancers [32] . In partial contrast, reduced expression of CLDN4 and CLDN5 was detected in hepatocellular and renal carcinomas [33] . In CRC, both, up-and down-regulation of claudin4 expression have been described [34, 35] , as well as aberrant expression of claudin1 [36] [37] [38] [39] . A recent study by Dhawan et al. has shown increased CLDN1 expression compared to normal mucosa in human primary CRC and metastasis samples, as well as in cell lines derived from primary and metastatic lesions [37] . For this claudin, the ␤-catenin/Tcf signalling has been suggested as a potential mechanism underlying Cldn1-dependent changes in CRC [40] . At the transcriptional level, transcription factors such as Snail [41] , Cdx-2, hypoxia necrosis factor-alpha (HNF)-␣ and GATA-sequence-binding transcription factor-4 (GATA-4) [42, 43] 
Materials and methods

Cell culture
The rat CC531 colon adenocarcinoma cell line [44] 
Tumour cell injection and re-isolation
RNA-isolation and RT-PCR
The RNeasy mini-kit (Qiagen, Hilden, Germany) was used for RNA-isolation from CC531 cells, hepatocytes and Kupffer cells. The amount and purity of isolated RNA was measured in a spectrophotometer using the 260/280 ratio. After producing cDNA from the isolated RNA [47] , amplicons of Cldn1, Cldn4 and ␥-tubulin were generated with the respective primer sequences (Table S1 ) 
. The PCR-reaction was performed in a thermal cycler (DNA engine, PTC200 Peltier; MJ Research, Waltham, MA, USA). After electrophoresis of PCR-amplicons on a polyacrylamide gel, it was incubated in ethidium bromide for 10 min. followed by visualization under UV-light (Gel Doc XR, BIO-RAD, Munich, Germany).
Real-time PCR
Western blot analysis
Western blotting was performed as described previously [47] . Primary antibodies for CLDN1, CLDN4 and extracellular signal-regulated protein kinase (ERK)2 as well as their corresponding secondary antibodies are shown in Table S1 . (Fig. 1 ).
Immunohistochemistry (IHC)
Small interfering RNA (siRNA) knockdown experiments
The siRNA duplexes designed against Cldn1 or Cldn4 and nonspecific siRNA used as negative control were purchased from Invitrogen (Table S1 ). 
Cell proliferation assay (MTT)
To assess the effect of siRNA transfection on the proliferation of CC531 cells, the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay was used (Supporting Information S3).
Migration assay
Colony formation assay
To determine the effect of siRNA knockdown of Cldn1 or Cldn4 on the ability of CC531 cells to form colonies, the procedure previously detailed [48] was performed. Clusters of Ն30 cells were counted as colony, whereas clusters of Ն60 cells were considered as large colony. (Fig. 2A) . Interestingly, both genes were at first down-regulated with a nadir (8-or 11-fold down-regulation) on day 6, followed by gradual up-regulation within the observation period. These results were confirmed with RT-PCR (maximum down-regulation of Ͼ80% on day 6 for both genes; Fig. 2B and C) and Western blot (specific bands below detection limit, Ͼ90% inhibition on day 6; Fig. 2B and D) . As shown in Figure 2B, Fig. 2A) .
Patients and tissue samples
there was not only a tight correlation between RNA and protein levels of Cldn1 or Cldn4, but also a nearly parallel modulation without a discernible delay in time between RNA and protein levels. It is noteworthy that the transcription repressor gene Snail showed an inverse modulation: an increased expression during the first week (up to 3.8-fold) with the peak of its expression corresponding to the nadir of Cldn1 and Cldn4 down-regulation (
Effect of co-culture conditions on the expression of Cldn1 and Cldn4
In an attempt to explain the initial down-regulation of Cldn1 and Cldn4, CC531 cells were co-cultured with isolated rat hepatocytes and Kupffer cells. Figure 3A, Figure 3C , exposure to siRNA species directed against Cldn1 and Cldn4 caused reduced expression of mRNA to 24% and 15%, respectively. (1, 4) (Fig. 3D) (Fig. 4A ). Figure 4B shows 
Fig. 2 Down-regulation of Cldn1 and Cldn4 in CC531 cells homing into the liver. (A) Expression profile of claudins (1, 4) and Snail in CC531 cells as shown by microarray analysis. The values represent the gene expression in isolated metastasizing cells in comparison to the expression in cells growing in vitro. (B) The diagram represents the mRNA or protein expression levels in re-isolated CC531 cells in percentage of the expression detected in control cells (100%). Values were calculated using the pixel density of each PCR/or Western blot band normalized to the corresponding value of ␥-tubulin or ERK2, respectively. (C) Expression of claudins (1, 4) in CC531 cells as shown by RT-PCR. Lane 1: control CC531 cells, lanes 2-6: CC531 cells isolated from the liver after 3, 6, 9, 14 and 21 days, respectively, lanes 7, 8: CC531 cells re-isolated after 21 days and cultured in vitro for 14 and 22 days, respectively. (D) Expression of CLDNs (1, 4) in CC531 cells as shown by Western blot. Lanes 1-5: CC531 cells isolated from the liver after 3, 6, 9, 14 and 21 days, respectively, lanes 6, 7: CC531 cells isolated after 21 days and cultured in vitro for 14 and 22 days, respectively, lane 8: control CC531 cells.
No down-regulation effect on claudin expression was noticed, whereas both genes were up-regulated after co-culture with hepatocytes. As shown in
a substantial up-regulation (up to 4-and 3-fold) in Cldn1 expression was noticed in CC531 cells cocultured with hepatocytes for 48 and 72 hrs, respectively. Similarly, the expression of Cldn4 in these cells was up-regulated to 1.6-and 1.8-fold, compared to control CC531 cells.
Effect of altered adhesion on Cldn4 and Cldn1 expression
This experiment was performed to investigate the effect of physical forces (friction and shearing) on circulating tumour cells as a possible reason for the initial down-regulation of Cldn(1, 4) expression. As shown in Figure 3B, no change in Cldn1 expression was noticed either in CC531 cells growing continuously in flat flasks or in round bottles. On the contrary, Cldn4 mRNA expression was 2-and 1.8-fold higher in CC531 cells growing in flat flasks than their counterparts growing in round bottles at 48 and 72 hrs after seeding the cells, respectively (Fig. 3B). Furthermore, transferring tumour cells from a non-adhesive state in round bottles to growing in flat bottom flasks for 24 hrs caused Ͼ2.5-fold increased expression of Cldn4, whereas no effect on Cldn1 expression was noticed. Accordingly, the physical conditions and the adhesion status of the cells affect differently the expression of Cldn1 and Cldn4, suggesting a direct relationship with the latter, but not with the former.
Inhibition of Cldn1 and Cldn4 expression by siRNA
As shown by RT-PCR in
To further investigate a possible interdependence of these two genes, the expression of Cldn4 and Cldn1 was investigated in
Fig. 3 Modulation of Cldn1 and Cldn4 expression in vitro. (A) Expression of claudins (1, 4) in CC531 cells co-cultured for 24 to 72 hrs with Kupffer cells (KCs) and hepatocytes (HCs) in comparison to the housekeeping gene ␥-tubulin as shown by RT-PCR. (B) Expression of claudins
, whereas inhibition of Cldn4 did not exert the same effect on Cldn1 expression (data not shown).
Effect of Cldn1 and Cldn4 knockdown on cell growth
The effect of Cldn1 or Cldn4 inhibition on the proliferation and growth of CC531 cells was studied by MTT test. A non significant reduction in proliferation of CC531 cells was noticed
Impact on cell migration caused by inhibition of Cldn1 or Cldn4
Impact on colony formation after Cldn1 or Cldn4 knockdown
As shown in Figure 4C, Fig. 4C and D) .
Expression of CLDN1 and CLDN4 in neoplastic human CRC tissues
The expression of CLDN1 and CLDN4 was investigated in 32 human colorectal adenocarcinoma specimens ( Table 2 ). The patients had a median age of 65 years and were classified into UICC stages II (n ϭ 24) and IV (n ϭ 8) and graded as G2 (n ϭ 25) and G3 (n ϭ 7) ( 
TNM Classification CLDN1 CLDN4
Cldn1 and Cldn4 share a common transcription repressor, Snail [41, 49] 
